Introduction Essential oils are known to possess antimicrobial activity; thus, their use has played an important role over the years in medicine and for food preservation purposes. Objective The effect of clove oil and its major constituents as bactericidal agents on the global metabolic profiling of E. coli bacteria was assessed by means of metabolic alterations, using solid phase microextraction (SPME) as a sample preparation method coupled to complementary analytical platforms. Method E. Coli cultures treated with clove oil and its major individual components were sampled by HS-SPMEGCxGC-ToF/MS and SPME-UPLC-MS. Full factorial design was applied in order to estimate the most effective antibacterial agent towards E. coli. Central composite design and factorial design were applied to investigate parameters influencing metabolite coverage and efficiency by SPME. Results The metabolic profile, including 500 metabolites identified by LC-MS and 789 components detected by GCxGC-ToF/MS, 125 of which were identified as dysregulated metabolites, revealed changes in the metabolome provoked by the antibacterial activity of clove oil, and in particular its major constituent eugenol. Analyses of individual components selected using orthogonal projections to latent structures discriminant analysis showed a neat differentiation between control samples in comparison to treated samples in various sets of metabolic pathways. Conclusions The combination of a sample preparation method capable of providing cleaner extracts coupled to different analytical platforms was successful in uncovering changes in metabolic pathways associated with lipids biodegradation, changes in the TCA cycle, amino acids, and enzyme inhibitors in response to antibacterial treatment.
Introduction
occurring oxygenated terpenoids such as alcohols and phenolic terpenes have demonstrated the highest antimicrobial potential (S. Burt 2004; Delaquis 2002; Koroch et al. 2007; Smith-Palmer et al. 1998) . In related work, 21 plant essential oils were applied as antibacterial agents against five food-borne pathogens (Campylobacter jejuni, Salmonella enteridis, E.coli, Staphylococcus aureus, and Listeria monocytogenes); their findings indicated that oils derived from bay, cinnamon, clove, and thyme yielded the highest bactericidal effect (Smith-Palmer et al. 1998) . The interactions between different constituents of essential oils may lead to synergistic, antagonistic, indifference, or additive effects (Davidson and Parish 1989; Gill and Brown 2002) . The mechanisms of action of these naturallyoccurring compounds against pathogens are still not fully understood, especially at the metabolic level. As the metabolism of living systems alters in response to environmental stress, metabolomics platforms aim to provide complementary information to genomics, transcriptomics, and proteomics (Jozefczuk et al. 2010) . Within this context, global analysis of all metabolites in a given system can be employed to discover potential biomarkers of specific effects or reactions (Dettmer et al. 2007 ) attributable to specific stimuli. The global metabolomics platform includes different steps: sample preparation, instrumental analysis, and data analysis, where determinations of significant metabolite changes can be made using bioinformatics software. Due to the broad chemical and physical characteristics of metabolites, no single analytical platform could provide identification of all metabolites. Usually the most used instrumentation platforms for metabolomics are nuclear magnetic resonance (NMR) and mass spectrometry (MS), the latter coupled with both gas-(GC) and liquidchromatography (LC). In addition, to increase method sensitivity and provide wider metabolome coverage, a proper sample preparation strategy, able to obtain the most representative, yet clean extract possible, needs to be used. Solid phase microextraction (SPME), as one of the recently emerging techniques utilized in sample preparation for metabolomics studies, is capable of fulfilling many of the criteria for ideal sample preparation in metabolomic investigations such us non-selectivity, reproducibility, simplicity and possibility for automation (Bojko et al. 2014; Vuckovic et al. 2011) .
A crucial aspect of the metabolomics workflow, unfortunately often overlooked, is experimental planning. Considering that, untargeted metabolomics experiments involve the analysis of a consistent number metabolic features, often characterized by different physical-chemical properties, the optimization of each factor affecting their extraction, separation and detection needs to be carefully carried out, in order to find the proper operating conditions for the obtainment of representative sets of data. In particular, the currently presented work was undertaken using a statistical experimental design approach comprising careful design of experiments, including multivariate designs, that offer simultaneous optimization of several control variables, consequently taking into account interactions between factors and requiring fewer experiments than the traditional univariate approaches (Sousa et al. 2006) .
The primary purpose of this study was to employ SPME coupled to GCxGC-ToF/MS and UPLC-MS and bioinformatics tools to study changes in metabolic pathways of E. coli metabolome submitted to treatment with clove bud oil and its major constituents. Multivariate experimental design was applied to optimize factors that impact extraction and to evaluate the type of interactions occurring between the major active components of clove oil. Individual components of the clove oil were characterized and identified. Finally, the metabolic profiles of antibacterial agent-treated cells and control cells were generated by both optimized platforms and subjected to multivariate data analysis. These metabolic patterns produced clear separation between controls and treated samples on an orthogonal projections to latent structures discriminant analysis (OPLS-DA) analysis due to up-regulated and down-regulated metabolites.
2 Experimental section 2.1 Chemical and materials and metabolite standard mixture preparation Details regarding chemicals, materials and mixture preparation can be found in Supplementary Info (Sect. 1.1).
Bacterial strain and antibacterial activity evaluation
Frozen cultures of E. coli BL21 were streaked on an LB agar media plate (10 g trypton; 5 g yeast extract; 5 g NaCl; 15 g Agar in 1 L nanopure water), and incubated overnight at 37°C. One isolated colony was re-streaked on LB Agar media and incubated at 37°C for 24 h. Following, one isolated colony was inoculated into 5 mL of LB media (10 g trypton; 5 g yeast extract; 5 g NaCl in 1 L nanopure water), then incubated at 37°C for 24 h under agitation at 125 rpm. The microbial broth was then serially diluted in fresh media. The resulting 10 7 colony-forming units (CFU/ mL) were utilized for the whole study.
LB agar media was used to count the number of CFU/ mL in bacterial media. Cultures were serially diluted with sterile media, and 10 lL of diluted culture is spread uniformly over the surface of warm agar plates. After keeping plates in 37°C overnight, the colonies were counted. In order to get precise results, diluted cultures forming 30-100 colonies were applied for calculation of CFU/L.
To investigate the antibacterial activity of the most important constituent of clove bud oil, a two-level full factorial design, 2 3 , was carried out. All acquired GCxGC-ToF/MS chromatograms were processed by ChromaTOF version 4.5 (LECO Corporation). Baseline correction, noise reduction, deconvolution, library matching, and peak area calculation were performed. Peak area calculations were performed using the unique mass of the detected analyte. Only peaks bearing S/N ratio C100 were selected, and a spectral match threshold of 700 was selected for further data interpretation. Identification of selected entries was performed using the National Institute of Standards and Technology (NIST) reference library for matching of mass spectra, and by comparison of calculated retention indices with data present in literature.
The Statistical Compare feature of ChromaTOF was successively used for alignment of multidimensional peaks obtained from different chromatograms. Alignment parameters are specified in Supporting Information (Sect. 1.3). The obtained data Tables (960 entries) were further manually scrutinized to remove peaks related to the extraction phase or chromatographic column bleeding (mainly siloxane-derived compound peaks), and to merge double entries, finally resulting in 789 entries. The obtained data sets were then processed by to SIMCA (version 14.0, Umetrics, Umea, Sweden) by performing PCA, and OPLS-DA in a similar manner as for the LC-based data.
Considering the large amount of intra-and inter-sample variation on metabolomics data, Hotelling T2 eclipse and DmodX were applied for outlier evaluation. With two component plots, T2 was easily visualized in score plots. Moderate outliers investigated in DmodX plots based on residuals observation.
Results and discussion

Optimization of SPME parameters
Optimization of desorption solvent was carried out using the model analytes presented in Table SI.1. Using the 96-blade SPME method, a triangular design was carried out to determine the effectiveness of different desorption solvents and their interactions on analyte recovery. The experimental design followed and the results obtained by CCD are reported in Supplemetary Information (Sect. 2.1).
Interaction between clove oil components using full factorial design
Once the 96-blade SPME method was optimized, a full factorial design was applied to investigate the effectiveness of constituents of clove bud in preventing E. coli metabolism, as well as to explore potential interactions between these major components. Using GC-MS, the major components of clove bud oil were identified as eugenol (76.8 %), eugenyl acetate (9.5 %), and b-caryophyllene (6.0 %).
The minimum inhibitory concentration (MIC) threshold for clove oil was identified through addition of different amounts of clove oil to the same E. coli culture, followed by incubation at 37°C for 16 h. Afterwards 10 lL of treatment and sample solutions from each cell tube was plated all over the LB agar plates. Plates were incubated at 37°C overnight and colonies were counted in each case. Results indicated that 10 lL was the MIC for clove oil for a 10 7 CFU/mL E. coli culture.
To evaluate the antibacterial activity of each constituent of clove oil against E. coli, different amounts of eugenol (8 lL), eugenyl acetate (1 lL) and b-caryophyllene (0.6 lL) were separately added to the same concentration of bacteria in different cell tubes based on the percent of each component present in clove bud oil. No bacteria growth was observed for cultures treated with eugenol, while growth was observed for cultures treated with eugenyl acetate and b-caryophyllene, indicating eugenol as the most effective antibacterial agent in the whole oil.
Metabolic profiling for each set of experiments was acquired; the variable effects and interactions between variables are summarized in the Pareto charts illustrated in Figure SI .3, SI.4 for SPME-LC-MS and SI.5 for GC-IT/ MS. The Pareto charts obtained for LC amenable metabolites ( Figures SI.3 and SI.4) reveal that eugenol, the major compound of clove bud oil, was found to possess the strongest antibacterial activity at the 95 % confidence level, whereas the other constituents, when applied individually, did not indicate an antibacterial effect on E. coli growth at the 95 % confidence level.
By studying the volatile metabolic profiling, the same effect was monitored. Pareto chart plots based on sums of peak areas obtained from HS-SPME-GC-IT/MS for two metabolites, indol (downregulated) and octanoic acid (upregulated), are shown in Figure SI .5. Based on the results obtained from the Pareto charts, no significant interactions between the constituents for both platforms (at the 95 %confidence level) were observed. Fig. 1 . Figure 1d is a cloud plot demonstrating dysregulated features to represent ions whose intensities are varied between sample groups according to statistical thresholds. Down-regulated features in these treated samples are presented as red bubble-plots (bottom plot), while up-regulated features are represented by green bubble-plots (top plot). About 10,000 features were detected in this study in both electrospray ionization modes, of which almost 60 % of the peaks showed statistically significant changes due to treatment with antibacterial agents (clove oil and eugenol).
This discrimination in the metabolic profile of E. coli was not observed when eugenyl acetate, b-caryophellene, or a mixture of both was applied as antibacterial agents. As a proof of concept, a lethal concentration of clove oil was applied to 10 7 CFU mL -1 of bacteria, and then we verified that the addition of eugenol alone in the same amount present in clove oil also prohibited bacteria growth. Conversely, individual additions of eugenyl acetate and bcaryophyllene at comparable amount of what added through clove oil, did not suffice to stop bacteria metabolism, and no interactions were observed between eugenol and the other two constituents towards E. coli growth. Table 1 demonstrates the dysregulated metabolites found in samples treated with clove oil and eugenol. In fact, in case of eugenol, belonging to the phenylpropene class, it has been demonstrated that the hydroxyl group present in the molecule plays an effective role in the prevention of bacterial growth Hyldgaard et al. 2012) . As a consequence, the antibacterial activity of eugenyl acetate is lower than that of eugenol, as there are no free hydroxyl groups in its structure. Phenylpropenes, which are synthesized by plants, can disrupt the metabolism of bacterial cells by forming hydrogen bonds through interactions with proteins (Laekeman et al. 1990 ). On the other hand, bcaryophyllene, a natural bicyclic sesquiterpene, showed low or absent antibacterial activity against E. coli (Koutsoudaki et al. 2005) . In other studies, clove oil and eugenol indicated strong antibacterial activities in comparison to b-caryophyllene towards periodontopathogenic bacteria (Moon et al. 2011 ). In addition, information related to the effect of clove oil on the fatty acid profile of the E. coli cell membrane, on proteins and anti-quorum sensive activity are elucidated in Supplementary Information (Sects. 2.1, 2.2, and 2.3).
Effect of eugenol on VOC profile of E. coli
Bacterial production of VOCs has been largely investigated (Schulz and Dickschat 2007) . Bacterial volatile emissions are mainly related to by-products of metabolic pathways; for instance, the emission of hydrocarbons, aliphatic alcohols, and ketones derived from fatty acid biosynthesis. The VOC profile of E. coli was investigated by HS-SPMEGCxGC-ToF/MS, with particular emphasis on metabolic perturbations induced by the treatment of bacterial culture with clove oil and its major constituent eugenol. The bacterial VOC profile was determined in vivo, with the SPME coating exposed to the headspace of E. Coli cultures incubated at 37°C, under agitation at 500 rpm, and during the stationary phase of the bacteria growth cycle (8-16 h after sample preparation). The chromatograms obtained from bacteria culture before and after treatment with eugenol and clove oil are presented in Supplementary Information (Figure SI.10) . The results obtained were processed by SIMCA software; PCA (Figure SI.11) and OPLS-DA (Fig. 2) revealed a neat differentiation between non-treated samples, and samples treated with whole clove oil or eugenol only. From the S-plots, presented in Fig. 2c,  d , the features that mostly contributed to the separation of the investigated sets of samples were selected and further investigated. While the production of terpenoids by bacteria has already been reported (Schulz and Dickschat 2007) , in this study, the complex composition of the essential oil used to treat the bacterial culture made the process of distinguishing between bacterial-produced terpenoids and compounds deriving from the essential oil unreliable, as well as assessing the extent to which changes in their concentrations were exclusively related to the alteration of bacterial metabolism due to the antibacterial agents. Thus this class of compounds was not considered. Table 2 shows a list of the tentatively identified bacterial VOCs that most contributed to discrimination between cultures of E. coli in the presence or absence of antibacterial agents. Results demonstrated that variations in the amounts of metabolites (a decrease or increase in chromatographic areas) were dependent on the application of different compositions of antibacterial agents. As evidenced in Table 2 , the compounds most affected by treatment with antibacterial agents were derivatives formed along the fatty acid biosynthetic pathway (Schulz and Dickschat 2007) , such as alcohols, ketones, and esters. In particular, methyl ketones with an odd number of carbon atoms were reported to derive from the decarboxylation of even-numbered b-keto acids. The production of methyl ketones bearing an even number of atoms rarely occurs, since they derive from odd numbered fatty acids; however, production of 2-butanone has also been reported as a component of VOC emissions from several bacteria (DeMilo et al. 1996; Dickschat, Martens, et al. 2005; Elgaali et al. 2002; Lee et al. 1995; Robacker and Bartelt 1997; Sunesson et al. 1997) . Esters also constitute a very important class of bacterial VOCs, and their enhanced volatility compared to their precursor carboxylic acids facilitates their determination by headspace sampling and gas-chromatographic analysis. Among the different esters detected, ethyl octanoate has already been reported as one of the constituents of E. coli VOC emissions (Elgaali et al. 2002) . On the other hand, emission of aldehydes, especially unbranched aldehydes, rarely occurs owing to their reactivity. In this work, the aldehydes whose concentrations were mostly affected by treatment with clove oil and eugenol were furfural, benzaldehyde, and nonanal. Benzaldehyde production can be related to two different pathways, leading to the conversion of L-phenylalanine to benzoyl-CoA, whereas nonanal derives from oxidation of oleic acid. Other compounds deriving from L-tryptophan detected in this work were indole and 2,5-dimethylpyrazine. In particular, the presence of pyrazines bearing one to four methyl substituents is widespread, and generally reported in the literature (Dickschat, Bode, et al. 2005 ; Dickschat, Reichenbach, et al. 2005; Schulz et al. 2004 (Cox et al. 1998) . For example, decreases in indol, thiazol, methanethiol, and butanone levels demonstrate disruptions in tryptophan, thiamine, cysteine, methionine (and other amino acidcontaining sulfurs), and riboflavin metabolism, respectively. Additionally, the levels of esters were also noticed to increase in treated samples. All the above-mentioned alterations in the volatomic profile could be attributed to the inhibition effect of eugenol on enzymes such as tryptophanase and lipoxygenase, due to deamination and termination or reduction of decarboxylation and.
Further interpretation of the observed changes would require a more comprehensive investigation and interpretation of biochemical pathways of E. coli growing under clove oil treatment, including integration of other 'omics' branches, such as transcriptomics and proteomics.
Conclusions
The current work demonstrated the suitability of Solid-Phase Microextraction as a reliable tool for the capture of variations of E. coli metabolome and volatilome in response to natural antibacterial agents such as clove oil and its major component eugenol. Here, multivariate data analysis tools were successfully employed to investigate the E. coli metabolome profile under mild and severe stress conditions induced by these naturally-occurring antibacterial agents. SPME applied as a sample preparation technique provides clean extracts from complex biological samples, while allowing for its coupling to complementary separation platforms, as herein proposed for untargeted metabolomics strategies. The use of SPME coupled to GCxGC-ToF/MS and UPLC-MS provides a comprehensive metabolome snapshot of metabolites with a wide variety of physical and chemical characteristics, including volatiles, polar, and nonpolar metabolites, thus enhancing the amount of chemical information retrievable from the system under investigation in comparison to conventional extraction techniques. In the current work, shifts in different pathways involved in lipid, carbohydrate, and amino acid metabolisms, as well as cell signaling variations were monitored for treated and control samples. New alterations in the E. coli metabolic pathways as a function of treatment by clove oil have been suggested in this study, such as changes in proline and glycerol levels attributed to cell osmoregulation. Evaluation of the discriminant metabolites in treated samples confirmed that eugenol is a lead candidate for further development as an active agent in anti-cancer treatments, owing to its ability to cause glycolysis inhibition of E. coli as a model organism. Changes in different metabolite levels and pathways identified from our approach confirms the interaction of clove oil with various enzymes in the model system biology, as well as the capacity of metabolomics to identify the influence of stressors on microorganisms. This approach offers a valid option for future analyses seeking to establish a comprehensive mechanistic understanding of E. coli response to clove oil.
